The adsorption and photocatalytic degradation of acetate on TiO2 surfaces was investigated in H2O and D2O by ATR-FTIR and EPR Spectroscopy respectively. These studies were carried out in the dark and under UV(A) illumination to gain additional insights into the adsorption behaviour with the identification of paramagnetic species formed during the oxidation of acetate. Isotopic exchange during the adsorption of D2O on TiO2 surface led to different interactions between the adsorbate and OD groups. At different pH levels, several surface complexes of acetate can be formed such as monodentate, or bidentates. Under UV(A) irradiation of TiO2 aqueous suspensions, the formation of hydroxyl and methoxy radicals evidenced as the corresponding spin-adducts, were found to dominate in alkaline and acidic suspensions respectively. Two possible pathways for the oxidation of acetate have been suggested at different pH levels in solution in terms of the source of the spin adduct formed.
INTRODUCTION
Titanium dioxide, (TiO2), is an effective photocatalyst for the degradation of a broad range of organic pollutants [1] . The photocatalytic oxidation processes of organic pollutants is initiated by the formation of valence band holes (h + vb) and conduction band electrons (ecb) which are formed in a TiO2 particle upon ultra band gap illumination. Consequently, the TiO2 particles act as electron donors and electron acceptors for molecules in the surrounding medium. For example, the holes may react with water and/or hydroxyl ions to form hydroxyl radicals, while the excited electrons react with molecular oxygen to form superoxide radicals and hydrogen peroxide [2] . It was previously reported that the oxidation of organic pollutants on the surface of TiO2 proceeds via two pathways [3] . One pathway involves photogenerated holes that oxidize adsorbed pollutant species directly. In the second pathway, pollutants are oxidized indirectly by free radicals produced at the TiO2 surface.
Acetic acid/acetate has been used as the model pollutant by many research groups for the study of fundamental photocatalytic mechanisms. In oxygen free conditions, Muggli et al, reported that the photocatalytic decomposition of acetic acid on TiO2 resulted in the formation of CO2, with CH4, and C2H6, as intermediate products [4] , [5] . In aerated aqueous solution, Carraway et al, have shown that acetate is rapidly photooxidized on ZnO colloids to give formate and glyoxylate, as intermediate products which serve as effective electron donors on illuminated ZnO surfaces [6] . In another study, it was reported that during photocatalytic oxidation of acetic acid on platinized TiO2, the methyl radical could be formed via two reaction pathways [4] . It was reported that in the presence of oxygen the photocatalytic degradation of acetate in a suspension of TiO2 both the holes and hydroxyl radicals acted as oxidising species and it was suggested that two types of reactions may be responsible for the TiO2 mediated photodegradation of acetate: [6] (i) direct hole oxidation of adsorbed acetic acid/acetate molecules by photoinduced holes (h + ) at the valence band of TiO2 semiconductor, or/and (ii) indirect oxidation via hydroxyl radicals or other reactive oxygen species such as superoxide radicals and hydrogen peroxide.
In contrast, the adsorption of substrates were also one of the most important determinants for the photocatalytic degradation process. Robertson et al. suggested that the direct charge transfer to organic molecules required that the scavenging molecules were adsorbed on the TiO2 surface prior to the adsorption of the photon [3] . Furthermore, the adsorption behaviour of organic molecules were different during UV illumination [7] . Mendive et al. reported that the deaggregation of particles agglomerates occurred during UV irradiation resulting in an greater available surface area which in turn enhanced the photonic efficiency [8] . Adsorbed species such as water or molecular oxygen, together with the influence of pH are also expected to affect the degradation pathway on TiO2 surface but their overall influences have yet to be clearly determined.
For a better understanding of the interfacial acetate/TiO2 interactions, we have studied the adsorption of acetate on anatase surfaces (UV100) in H2O and D2O, as well as the formation of reactive oxygen species (ROS) using attenuated total reflection Fourier transform infrared (ATR-FTIR) and electron paramagnetic resonance (EPR) spectroscopy. This paper considers the effect of pH in terms of the adsorption behaviour of acetate on TiO2 surfaces as well as the formation of primary intermediate radicals before and after UV(A) irradiation in order to provide further insight into the interfacial reaction mechanism of acetate decomposition during UV irradiation.
EXPERIMENTAL SECTION

Materials
TiO2 (Hombikat UV100, 100% anatase) was kindly supplied by Sachtleben Chemie. Sodium acetate trihydrate (≥99.5%) was purchased from ROTH. The spin traps 5,5-dimethyl-1pyrroline-N-oxide (DMPO) and Deuterium oxide (D2O) (99.9 atom% D) were purchased from Sigma Aldrich. Deionized water (H2O) was supplied from a Millipore Mill-Q system with a resistivity equal to 18.2 Ω cm at 25 °C. pH adjustments and measurements were performed using a Metrohm 691 model pH-meter using 0.5 mol L -1 of HNO3 or NaOH.
ATR-FTIR Spectroscopic measurements
1-Preparation of TiO2 film on the ATR-FTIR Crystal
Initially, an aqueous suspension of TiO2 at a concentration of 5 g l -1 was prepared and sonicated for 15 min in an ultrasonic cleaning bath. An aliquot of 400 µL of the TiO2 suspension was placed on the surface of the ZnSe ATR crystal and this small volume was simply spread by balancing the unit manually. The suspension was then dried by storing the crystal in a semiopened desiccator at room temperature. Prior to deposition of the TiO2 films, the ZnSe surfaces (area = 6.8 mm×72 mm) were cleaned by polishing with 1 mm diamond paste (Metadi II, was assumed that the effective path lengths at all wavelengths remained unchanged.
2-ATR FTIR measurement
The ATR-FTIR spectra of the TiO2 samples were monitored by a FTIR spectrometer (IFS 66 BRUKER) equipped with an internal reflection element 45º ZnSe crystal and a deuterated triglycine sulfate (DTGS) detector. The interferometer and the infrared light path in the spectrometer were constantly purged with Argon and nitrogen to avoid H2O and CO2 contamination. The spectra were recorded with 300 scans at 4 cm -1 resolution and analyzed using OPUS version 6.5 software. In order to observe the interaction between water/deuterium oxide and acetate at TiO2/aqueous solution interface, a first infrared spectrum was taken as a reference background. Prior to starting the irradiation experiments, spectra of adsorption of acetate (10 -1 M) with H2O or D2O on the TiO2 were monitored in the dark. When the last spectrum of each experiment had been recorded in the dark, the UV(A) lamp was turned on and another sequence of spectra was recorded.
EPR measurement
EPR spectra were recorded at room temperature on a MiniScope X-band EPR spectrometer Fig.1 ) and 2000-800 cm -1 (Fig.2) where typical bands assigned to acetate anions can be clearly observed. The two most prominent peaks of the adsorbed acetate at 1450-1400 and 1600-1545 cm −1 are the symmetric and asymmetric stretching frequencies of the carboxylate ion (νsy COO and νasy COO) respectively [11] . Since the first infrared spectrum (water and acetate) was used as the background, a negative band of water bending mode was observed. The carbonyl zone was also observed from 1700 to 1500 cm -1 , and included C=O and O-C=O stretching modes [12] . However, these bands are obscured by relatively strong negative δHOH at 1638 cm -1 which are very similar to those obtained by other workers [13] , [14] . The bands at 1045 cm -1 have previously been assigned in the literature to rocking CH3 vibrations [15] , [16] whereas the bands at 925-975 and 900 cm -1 can be assigned, respectively to C-C and OH bending [11] , [17] , [12] .
RESULTS
ATR-FTIR study
Adsorption of acetate in H2O and D2O on TiO2
On the other hand the adsorption of H2O and D2O take place on the TiO2 surface which is represented by strong IR absorbance of the OH stretching (3000-3600 cm -1 ) and OD stretching regions (2300-2700). In addition the bands at 1638 cm -1 and 1205 cm -1 can be assigned to the molecular bending modes of H2O δ (H-O-H) and D2O δ (D-O-D), respectively. It can be clearly seen from figure ( Fig. 1a ) that in the dark typical bands of adsorbed water as well as the band centred at 1045 cm -1 , which is assigned to the CH3 group, have increased. A strong decrease in the intensities of carboxylate group, however, have also been detected. This negative band indicates the decrease in the IR intensity (I) with respect to I0 due to the background subtraction [18] , [14] , [19] . The band observed at 2360 and 2342 cm -1 was assigned to the CO2 group which decreased due to the desorption of molecular CO2 contamination [8] .
When D2O was used instead of water, the shifting of D2O band bending at 1205 cm -1 revealed the same vibrational bands that corresponded to the symmetric and antisymmetric ν (COO − ) stretching vibrations ( Fig. 2a ). Furthermore, the intensity of the band of D2O adsorption (OD stretching, D-O-D bending) also increased. Surprisingly, unlike the case of water adsorption, the intensity of the band assigned to CH3 at 1045 cm -1 and OH bending at 900 cm -1 gradually decreased during the dark period. These results indicate that adsorption of D2O on TiO2 surfaces clearly affects the behaviour of acetate adsorption. Additionally, it is obvious from the spectra that the intensity of the OH-stretching band centred at 3269 cm -1 decreased gradually in the dark ( Fig. 2a ). Our previous study reported that in the dark the deuterated ion showed a stronger adsorption than hydroxyl ions on the surface of TiO2, resulting in an isotopic exchange by replacing hydroxyl groups adsorbed on the TiO2 surface (reaction 1) with OD groups [20] .
Ti − OH + OD − ⟶ Ti − OD + OH − (1)
When the system was subsequently illuminated with UV(A) light in presence of oxygen, the intensity of the typical bands assigned to the acetate anions in H2O ( Fig. 1b ) and D2O (Fig. 2b) increased. The upward baseline shift following irradiation was interpreted as transient and persistent diffuse reflectance infrared signals due to the population of conduction band electrons upon irradiation of TiO2 particles, where the baseline IR absorption for TiO2 rises immediately upon UV irradiation [21] , [14] . Meanwhile, the band at 1045 cm -1 assigned to the CH3 rocking vibration increased and appeared to be stronger in water than in D2O, with a shoulder at 972 cm -1 which could be assigned to the C-C band. Interestingly, although the interferometer was constantly purged with argon and nitrogen to avoid H2O and CO2 contamination, the intensity of the band assigned to CO2 increased during UV(A) illumination.
Furthermore in the region of OH stretching (Fig. 1b) , an increase of the band at 3480 cm -1 was observed which could be assigned to the formation of H2O2 [20] . Conversely, as shown in figure 2b , the OH stretching band increased and shifted towards a higher wavenumber (3480 cm -1 ) during UV(A) irradiation. These indicate the formation of these band can be attributed to photocatalytically generated CO2 and H2O2 as photoproducts. (Table S1 , Supplementary Information). In the IR spectrum, a similar adsorption behaviour with respect to the water band was observed in the dark. In contrast, the behaviour of acetate adsorption depended strongly on the solution pH. At pH 3 the band centred at 1066 cm -1 which includes the CH3 vibration, showed a higher intensity compared to that observed at pH 9 where the band shifted and centred with a lower intensity at 964 cm -1 (Fig. 4a ). The shifting of the absorption maximum with lower intensity can be explained by the interaction of the carboxylate ions with protons resulting in a small OH bending band at 900 cm -1 . The spectral development of acetate adsorption under UV illumination at pH 3 and 9 are shown in figures 3b and 4b, respectively. The symmetric and asymmetric stretching vibrations of carboxylate ions increased during UV irradiation. As can be seen clearly in the region of OH stretching the band at 3480 cm -1 assigned to Ti-OOH also increased during UV irradiation in acid and alkaline solutions. The behaviour of the CO2 bands at 2360 and 2342 cm -1 , however, are clearly different. It is worth noting that at pH 6 ( Fig. 1b) and pH 9 (Fig. 4b) the CO2 band increased while at lower pH (Fig. 3b ) the band decreased during UV(A) illumination. These results indicate that the photocatalytic reactions on the TiO2 surfaces are different and depend strongly on solution pH.
Effect of pH
EPR study EPR spin-trapping studies of radicals generated
EPR spin-trap technique was employed using DMPO as a spin-trapping agent to probe the nature of the reactive oxygen species generated during the degradation of acetate in the presence of molecular oxygen. Figure 5 shows the time course EPR spectra monitored by DMPO (spin-trap) at pH 6.0 in water (a) and pD 6. Figure S1 , (Supplementary Information). To take into account the presence of isotopic exchange (Ti − OH + OD − ⟶ Ti − OD + OH − ) before UV(A) illumination, leads to the suggestion that these quartet peaks are assigned to a DMPO-OD adduct, which can be formed by oxidation of the D2O or OD group [22] . It can be clearly observed, however, that after 1 min irradiation the intensity of the peaks gradually decreased. Figure 6 shows the EPR spectra observed during the photocatalytic reaction at pH 9 ( Fig. 6a) and pH 3 (Fig. 6b ). As can be seen in the dark, such signals were not detected at either pH 9 or pH 3. When the sample was exposed to UV(A) irradiation at pH 9, however, four characteristic peaks of the DMPO-OH• adduct were observed with a maximum intensity after 3 min of irradiation which exhibits a hyperfine splitting constant aN= 1.475 mT, aH= 1.481 mT and g-value= 2.0057 ( Figure S2, Supplementary Information) . After that the EPR signal of DMPO-OH• completely decayed towards zero with continued UV irradiation (Fig. 6a ). In contrast, at pH 3 (Fig. 6b ), several peaks are formed. Due to spin-spin interactions these characteristic peaks might be assigned to a mixture of spin adducts of DMPO− • OOH/O2 •− [23] , [24] and DMPO-OCH3 spin-adducts [25] . (Table   S2 , Supplementary Information). Furthermore, it was reported that methyl radicals may react immediately with molecular oxygen resulting in the generation of peroxomethyl radicals serving as a source of •DMPO-OCH3 spin-adducts [26] , [28] . Time dependent EPR spectra show that after 3 min of irradiation the signal intensity of the DMPO-OH and DMPO-OCH3 adducts decrease during oxidation of acetate. These results clearly show the existence of different radical intermediates representing respectively, spin adducts of DMPO-OH• and DMPO-OCH3 at pH 9 and pH 3, which would provide new insight into the mechanism of oxidation of acetate at different pH levels.
DISCUSSION
The photocatalytic activity for the decomposition of acetate depends strongly on two factors:
the adsorption behaviour of acetate on TiO2 surface and the effect of reactive oxygen species formed as part of the process. Therefore, it is important to elucidate the adsorption behaviour of acetate before and after UV(A) irradiation. As shown in figure 1 and 2 , the spectrum of acetate adsorbed in the dark in H2O and D2O on TiO2 is characterized by two strongly negative bands at 1450-1400 and 1600-1545 cm −1 , which can be assigned to symmetric νsy (COO − ) and asymmetric νasy (COO − ) stretching vibrations, respectively. It is important to consider, however, that during the adsorption of acetate the adsorption of H2O and D2O yielded positive peaks ( Fig. 1 and 2) . Guan et al. remarked upon a competitive reaction between the adsorption of water and organic compounds, which was dominated by the water adsorption because of the surface acidity [29] . In the other hand, Rotzinger et al have reported that the adsorption of acetate on TiO2 surface led to a specific reversible interaction of the carboxylate group with the TiO2 surface [12] . Three different possibilities for the adsorption of carboxylate groups on TiO2 surfaces have been proposed [12] , [30] , [31] : (i) As a bidentate structure, where both oxygen atoms bind to the same Ti atom. (ii) As monodentate replacing the basic OH group at the surface. (iii) As bidentate structure (bridging carboxylate) involving the carboxyl group and two Ti centres from the surface. The behaviour of acetate adsorption, however, is strongly influenced by the solution pH [30] . As can be seen clearly at pH 3 (Fig. 3a) , the band centred at 1066 cm -1 which includes the CH3 vibration increased in the dark compared to at pH 9 where the band shifted and centred with a lower intensity at 964 cm -1 (Fig. 4a) . These results indicate that at pH < pHzpc the interaction of TiO2 with anions are favoured resulting in the formation of a bidentate structure involving two distinct Ti atoms (Scheme 1A). Recent theoretical work by Thornton et al. [32] has shown that the adsorption of acetic acid on anatase TiO2 is more likely to be a bidentate structure. Nevertheless, as can be seen from the ATR-FTIR spectra in D2O at neutral (pH ≈ pHzpc), isotopic exchange (reaction 1) had a clear effect on the behaviour of adsorbed acetate, where the intensity of OH bending at 900 cm -1 decreased and ultimately disappeared in the dark (Fig. 2a ). The disappearance of this band would suggest an interaction between the carboxylate and OD group resulting in a reduction of the amount of OH bending (Scheme S1, Supplementary Information). These results indicate that at pH values next to the pHzpc, the acetate preferentially adsorbs on the positively charged anatase in the monodentate structure. This is facilitated by the presence of the hydrogen atom, which interacts with OH groups in the vicinity and these interactions are less intense due to the weakly charged surface (Scheme 1B). Whereas at higher pH (Fig. 4a) al. revealed the fact that under UV(A) illumination the total exposed TiO2 surface increases due to the de-aggregation of particles agglomerates which was explained by assuming that part of the absorbed light energy is converted non-adiabatically into heat which is subsequently used to break the bonds between the particles thus producing additional surface area for the photocatalytic process [7] . Recently, we have shown that the excitation of TiO2 by UV light leads to an increase in the amount of adsorbed H2O and D2O in presence of oxygen by a photoinduced charge transfer process [20] . From this point of view the adsorption behaviour of acetate as well as the adsorption of intermediates formed during UV irradiation needs to be taken into account. This assumption was confirmed by increasing again the typical bands of adsorbed acetate during UV (A) illumination (Fig. 1b ). As shown in Fig. 2b , unlike the case of water, at 900 cm -1 no increase of OH bending band have been detected in D2O (Fig. 2b) . This fact may interpreted as a new rearrangement of acetate adsorption resulting in the shift of OD band bending to lower frequency (< 800 cm-1). Thus, the formation of OH band bending was not possible anymore as schematically illustrated in Fig. 2b . Furthermore the intensity of the band of CH3 formed at 1045 cm -1 is lower in D2O compared in H2O during UV irradiation.
These results indicate a specific interaction of D2O or /and OD group with intermediates on the TiO2 surface during the degradation of acetate.
The effect of pH revealed the formation of the CO2 bands at 2360 and 2342 cm -1 as well as the H2O2 band at 3480 cm -1 at pH > pHzpc, (Fig. 1b and 4b) , which can be considered as evidence for such adsorption intermediates being formed during oxidation of acetate. Interestingly, no formation of the CO2 band was observed at pH 3 (Fig. 3b ). From these results we suggest that the pathway for the degradation of acetate during UV irradiation is different and related to the pH of the solution. It was reported that the degradation rates of acetic acid depend strongly on the pH of the suspension. Carraway et al., reported that on acidic suspensions, formate and formaldehyde have been detected as the only products of the photocatalytic oxidation of acetate, while in alkaline suspensions, the main products are glycolate and formate accompanied by smaller amounts of glyoxylate and formaldehyde [6] .
The EPR investigation showed that in alkaline suspensions, upon photoexcitation of TiO2 in water, hydroxyl radicals are formed and this was confirmed by the addition of DMPO into the suspensions. This resulted in a significant increase of the DMPO-OH adduct EPR intensity ( Fig. 6a) . In contrast at lower pH levels, (pH 3) the signal intensity of hydroxyl radicals was negligible compared to that at pH 9 (Fig. 6b) . These results suggest that at pH 9 the degradation primarily at the methyl group. The radicals that are subsequently formed react quickly with molecular oxygen leading to the formation of different products (Scheme 2A) [33] , [34] . The existence of CO2 and H2O2 as products was confirmed at pH 9 by means of in situ ATR-FTIR spectroscopy ( Figure 4b ). As can be seen clearly at pH 3, a new spin adduct of DMPO-OCH3 has been also detected which was confirmed by Spin Fit simulations ( Figure S3 , Supplementary Information). Figure 6b clearly shows that UV excitation of TiO2 leads to an increase in the typical signal of methoxy radicals (DMPO-OCH3; aN= 1.452 mT, aH= 1.091 mT; aH γ = 0.121 mT; g= 2.0057). This observation makes clear that the oxidation of acetate at pH 3 occurs mainly through direct oxidation by the hole (h + ) resulting in the well-known Kolbe decarboxylation with the formation of methyl radicals. Different products are then formed when these methyl radicals react with oxygen [26] . As expected at pH 3, no formation of CO2 has been detected by ATR-FTIR spectroscopy (Fig. 3b) , which confirms the validity of the proposed mechanism (Scheme 2B). In general, it is obvious from these results that the adsorption behaviour of acetate as well as the adsorption of water on TiO2 surfaces play a vital role for the trapping of photogenerated charge carriers upon UV(A) irradiation, which is strongly dependent on the pH of the suspension. 
CONCLUSION
Scheme 2
Proposed mechanism for the photocatalytic reaction of acetate at pH 9 (A) and pH 3 (B)
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